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Although hydrogen has a lot of useful applications, it has some disadvantages. It can make various metals such as high-strength steels, aluminum, and titanium alloys become brittle and crack. The mechanism starts with hydrogen atoms diffusing through the metal during various manufacturing operations or operational use. These hydrogen atoms will recombine to form hydrogen molecules in the tiny voids of the metal creating a high pressure inside the metal to reduce its ductility and tensile strength. When the pressure is too high, the metal will crack eventually. This process is called hydrogen embrittlement or hydrogen grooving which can pose a serious engineering problem. Hydrogen is also a very dangerous gas. It is highly flammable with a high rate of flame propagation. Its ignition temperature is 500 o C and the explosion range is 4 % to 75 %. The explosion range indicates the amount of hydrogen mixed with air that will cause serious explosions when ignited with a sufficient amount of heat. If hydrogen mixes with air and the concentration of hydrogen is less than 4 %, the mixture is not explosive because there is not enough fuel. The mixture is also not explosive if the mixture contains more than 75 % hydrogen because there will be too much fuel but not enough oxygen for combustion. Only within the lower explosion limit (LEL) and the upper explosion limit (UEL), the H 2 -air mixture burns when ignited, causing significant flame propagation. There is a point within LEL and UEL at which the flame propagation is the greatest (Korver, 2001) . As hydrogen poses potential danger, storage and use of hydrogen need special care and attention. In order to avoid the leakage of hydrogen that can cause serious explosion, sensors that can detect hydrogen quickly and accurately are very important and essential in practical applications. Apart from leak detection, monitoring of the hydrogen or hydrocarbon concentration in fuel cell, hydrogen driven vehicle, car exhaust, flue and biomedical and chemical industries is also an important application of hydrogen sensors.
The organization of this chapter is as follows. First, it will briefly review the type of hydrogen sensors and the evolution of Schottky-diode hydrogen sensor. Then, the working principle of Metal-Insulator-Semiconductor (MIS) Schottky-diode hydrogen sensor will be presented. The physical and chemical mechanisms responsible for hydrogen detection will be discussed. Then, it will describe the fabrication procedure of the hydrogen sensors and the measurement methodology. The steady-state and transient behaviour of the Pt/HfO 2 /SiC Schottky-diode hydrogen sensors are then analysed. The sensor response of the device is found to increase with annealing time because longer annealing time can enhance the densification of HfO 2 film and improve the oxide stoichiometry. The hydrogen reaction kinetic and the enthalpy change are then investigated. Finally, the results obtained in this study are summarized.
Types of hydrogen sensor
There are various types of hydrogen sensors which use different sensing mechanisms to detect hydrogen. Many of them use catalytic metals such as palladium (Pd) or platinum (Pt) as a hydrogen trap because these metals have high hydrogen solubility and can selectively absorb hydrogen gas. The absorption of hydrogen in the catalytic metals depends on temperature and hydrogen concentration. The adsorbed hydrogen gas molecules can d i s s o c i a t e a t t h e P d o r P t s u r f a c e t o f o rm hydrogen atoms. According to Lundstrom (Lundstrom, 1981) 
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(which can be voltage, pyroelectric signal, frequency shift, optical signal, etc.) and the coverage of hydrogen atoms. Six types of hydrogen sensors are introduced in this section. They are pyroelectric sensors, piezoelectric sensors, fiber-optic sensors, electrochemical sensors, and semiconductor sensors.
Pyroelectric sensor
The first pyroelectric chemical sensor (Pd-LiTaO 3 ) was reported in 1981 (Zemel et al., 1981) . It makes use of the unique property of pyroelectric material together with a catalyst metal to detect hydrogen. A pyroelectric material can generate an electric potential when it is heated or cooled. A schematic diagram of a pyroelectric hydrogen sensor is shown in Fig. 1 . It consists of three main parts: (1) a single-crystal LiTaO 3 wafer which is a pyroelectric material, (2) two NiCr electrodes, one of them is coated with a catalyst material (Pd in this case) and (3) a heater. When hydrogen is introduced into the test cell, it is absorbed by Pd, causing an extra heat gain in the Pd-NiCr electrode and hence a voltage difference between the Pd-NiCr and the reference NiCr electrodes. This type of sensor is not popular because the fabrication procedures are complex and the sensor can be easily influenced by temperature fluctuation due to environmental factors. Besides, the response of the sensor is slow due to the diffusive transport of thermal energy from the Pd electrode to the reference electrode. Fig. 1 . Schematic diagram of a pyroelectric hydrogen sensor (Christofides et al., 1990) .
Piezoelectric sensor
Piezoelectric sensor can be divided into two groups: piezoelectric quartz-crystal microbalance (PQCMB) sensor and surface acoustic wave (SAW) sensor.
Piezoelectric quartz-crystal microbalance (PQCMB) sensor
A coated piezoelectric crystal (e.g. quartz) is very useful for gas detection. The sensing principle was described in 1959 (Christofides, 1990) . The setup of the PQCMB sensor is shown in Fig. 2 . It consists of an oscillator powered by a regulated power supply and a 266 frequency meter for measuring the frequency output of the oscillator. The response of the coated PQCMB sensor could be noticed from the change in the resonance frequency of the quartz crystal. The oscillation frequency of the quartz crystal depends on its total mass and the mass of the chemically sensitive layer. When hydrogen molecules are absorbed in the Pd coating layer, the resonance frequency decreases in proportional to the quantity of dissolved molecules. Hence, by observing the change in resonance frequency, the concentration of hydrogen gas can be measured.
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Coated PQCMB Fig. 2 . Setup of the PQCMB sensor (Christofides et al., 1990 ).
Surface acoustic wave (SAW) sensor
The first SAW hydrogen sensor was demonstrated in 1982 (Amico, 1982/83; Amico, 1982) , and its sensing mechanism is simple. When hydrogen molecules are absorbed in a Pd or Pt layer, the SAW characteristics such as amplitude, phase, velocity, etc will be changed. A schematic diagram of a SAW hydrogen senor is shown in Fig.3 . The sensor is fabricated on a piezoelectric substrate YZ-LiNbO 3 . Surface acoustic waves are generated by an input transducer T and then collected by two output transducers T R and T S . There are two propagation paths in the device. One path (l S ) is coated with a catalyst metal layer (Pd in this case), while the other path (l R ) is uncoated as a reference. A double-balance mixer connects the two voltage outputs (V S and V R ) through inductances L S and L R . The output from the mixer then goes through a low-pass filter and the differential output voltage ∆S (V R -V S ) is filtered out and recorded. When absorption of hydrogen takes place at the Pd surface, a voltage change can be detected. Comparing the two groups of piezoelectric sensor, the SAW sensor has a higher sensitivity than the PQCMB sensor because the former can have a resonance frequency a few hundred times higher. 
Fiber-optic sensor (FOS)
The first FOS to detect hydrogen was developed by Butler in 1984 (Butler, 1984 . A schematic diagram of a Pd-coated fiber-optic hydrogen sensor is shown in Fig. 4 . Interferometry is applied in this type of sensor. The sensing mechanism of the device is simple and straightforward. When hydrogen molecules are absorbed in the chemically sensitive Pd coating, they will alter the optical properties such as absorbance, reflectance, luminescence, or scattering of the coating. The laser is split into two paths by a beam splitter: one through the Pd-coated fiber and the other through the uncoated fiber. Both ends of the fibers are connected to a quartz plate. When the phase difference between the two interfering beams is 2nπ (n is a positive integer), a maximum fringe pattern will appear. A transverse shift in the position of the fringe pattern can be observed when the fibers are exposed to hydrogen gas. The amount of fringe shift is related to the quantity of absorbed species (gas molecules or atoms) in the optical path. The FOS is very useful in environments with considerable electromagnetic activity because the optical nature of the signal does not introduce any electrical interference. However, one drawback for FOS is that the ambient light could interfere with background noise, causing FOS to be preferably used in dark environment for optimal operation and noise minimization. Fig. 4 . Schematic diagram of a Pd-coated fiber-optic hydrogen sensor (Butler, 1984) .
Electrochemical sensor
The first electrochemical hydrogen sensor was developed in 1978 (Childs et al., 1978) . This sensor can be used for the study of hydrogen evolution during the corrosion of copper in pure water. Fig. 5 shows the schematic diagram of the electrochemical hydrogen sensor. The cell consists of a thin reference electrode, a working electrode made of Pt black, and an electrolyte. Hydrogen gas reacts with Pt black at the anode to give out hydrogen atoms and electrons. The potential difference generated in the cell increases linearly with the logarithm of the hydrogen partial pressure. Long response time is a disadvantage of this sensor. 
Semiconductor sensor
The detection of hydrogen gas with semiconductor sensors is primarily done with metaloxide semiconductors. The initial work on this type of sensor can be traced back to the work of Brattain and Bardeen in 1953 (Brattain et al., 1953) . The sensing properties of this sensor are based on reactions between oxide semiconductors and gases in the atmosphere. These reactions can change the electrical characteristics of the device. Oxygen in the atmosphere can be absorbed on the semiconductor surface and dissociates to form different species such as O 2 -, O 2-and O -, where the electrons are extracted from the semiconductor. This electron extraction increases the resistance of the device (assuming an n-type semiconductor). When the sensor is exposed to a reducing gas such as hydrogen, the hydrogen reacts with the absorbed oxygen species to form water and the electron is re-injected into the semiconductor to reduce the resistance. Several metal-oxide semiconductors have been used as gas-sensing materials such as tin oxide (SnO 2 ) (Korotcenko et al., 2001) , tungsten trioxide (WO 3 ) (Kim et al., 2006) , titanium oxide (TiO 2 ) (Smith et al., 1993) and zinc oxide (ZnO) (Tomchenko et al., 2003) . In order to accelerate the reaction rate and increase the sensitivity, a catalyst Pd or Pt is usually deposited on the surface of the oxide semiconductor. Apart from using catalyst, the sensor performance can be also improved by utilizing nano-structured materials, which have high surface-to-volume ratio for gas absorption. However, expensive equipment, materials and extensive training required to produce nanoscale structures increase the production cost of the sensor and hence limit their practical viability in industrial and commercial applications.
There is another category of semiconductor hydrogen sensor in which the species of interest are adsorbed at the electrode/insulator interface and induce interfacial polarization. The first hydrogen sensor under this category was developed in 1975 (Lundstrom et al, 1975) and was an MOS structure using silicon as substrate, silicon dioxide as gate insulator and palladium as gate electrode. Since then a lot of research on such hydrogen sensors has been done. Different materials and fabrication methods have been used to make the hydrogen sensors (Lundstrom et al., 1989; Spetz et al., 1999; Kim et al., 2000) . There are many structures that can be used to make this type of hydrogen sensors, such as metal-oxidesemiconductor field-effect transistor (MOSFET) (Lundstrom et al., 1975) , ion-sensitive FET (ISFET) (Bergveld et al., 1972) , MOS capacitor (Steele et al., 1976a) , Schottky diode (Steele et al., 1976b) , etc. When the device is exposed to hydrogen, dissociated hydrogen atoms adsorbed at the electrode-insulator interface are polarized due to the displacement of their negatively-charged electron cloud relative to their positively-charged nucleus by an external applied field. This dipole layer causes a shift of the electrical (I-V or C-V) characteristics of the device.
Evolution of Schottky-diode hydrogen sensor
Among the semiconductor hydrogen sensors, Schottky diodes are preferably selected as gas sensors due to its much simpler fabrication procedures and electronic circuitry required for operation. The early Schottky-diode hydrogen sensors often used silicon as substrate because high-quality Si is commercially available and its cost is very low. Silicon is the second most abundant element in the world and is the dominant semiconductor used in the solid-state electronics industry. The properties of silicon have been widely studied and the silicon technology is the most mature and advanced among all semiconductor technologies.
Si-based hydrogen sensors can perform very well at room temperature (Fang et al., 1997) but they can only operate in environment below 250 o C due to the relatively small bandgap of Si (1.12 eV). In order to make these sensors function in harsh environments such as hot-engine and car exhaust, a cooling system is needed. However, this cooling system increases not only the operating and maintenance costs, but also the weight of the whole system, and leaves less space to integrate other electronic components. As a result, the reliability and efficiency of the system become lower. Therefore, development of hydrogen sensors that can directly operate in a high-temperature environment is very useful and important. To achieve this, a new sensor technology based on high-temperature semiconductor materials was then created.
High-temperature semiconductor materials are compound semiconductors such as SiC, CdS, GaP, AlN, GaN, etc with larger bandgap and thus lower intrinsic carrier concentration, which enables them to operate at much higher temperatures than silicon. Devices made of wide-bandgap materials can operate potentially up to 1000 o C. Thus, they are very suitable for making hydrogen sensors for aerospace and automobile applications, process-gas monitoring and leak detection. Uncooled operation of these sensors enables significant reductions in aircraft weight, operating and maintenance costs, overall system size, pollution, and also increases in operational safety, efficiency and reliability. Among the wide-bandgap materials, silicon carbide is by far the most developed for use in hightemperature, high-power, and high-radiation conditions. It is because sublimation growth of SiC wafer has been developed and high-quality 4H-and 6H-SiC wafers have been commercially available by Cree Research since 1989. These greatly facilitate the development of SiC semiconductor electronics. Besides, SiC can make good ohmic and Schottky contacts with a wide range of metals. It can also allow high-quality insulator (SiO 2 ) grown on top of it when it is put in an oxygen environment at high temperature. In addition, patterned etching of SiC has been developed for device fabrication. The electrical, optical, and physical properties of SiC have been extensively studied. With a wider bandgap, SiC not only can make gas sensor for emissions monitoring applications Spetz et al., 1997) but also has the capability to make blue pn-junction lightemitting diodes (LEDs) (Kong et al., 1997) . High breakdown field, high saturation velocity together with high thermal conductivity allow SiC-based devices to function properly in high-power-density and high-frequency environments. Moreover, SiC has excellent mechanical properties because it is extremely hard, refractory and rustless. The first SiC Schottky-diode hydrogen sensor was developed by Hunter at NASA Lewis Research Center in 1992 (Hunter et al., 1992) . It was a simple Schottky-diode structure, which had a catalytic metal Pd directly deposited on SiC. This sensor structure could sensitively detect hydrogen but was not thermally stable (Hunter et al., 1995; Chen et al., 1996) . After this structure was heated for a long time, there were interfacial reactions between Pd and SiC, forming Pd silicides (Hunter et al., 1995) and causing a shift in sensor properties . To provide long-term high-temperature stability, different materials, fabrication techniques and sensor structures were developed. NASA Lewis Research Center and Case Western Reserve University used alloys such as palladium chrome as the catalytic metal while some researchers employed more thermally stable metallization such as tungsten. Diamond, amorphous and polycrystalline barium strontium titanate (BST) have been used as a substrate to reduce the interfacial reaction (Kang et al., 1995; Chen et al., 2000; Dietz et al., 1997) . A Metal-Insulator-Semiconductor (MIS) structure involving the use of a gate www.intechopen.com insulator was developed to suppress the interfacial diffusion between the electrode and the substrate, and hence can make the device more stable for gas sensing. Several gate insulators such as SnO 2 (Hunter et al., 2000) and SiO 2 Zangooie et al., 2000; have been used. These gate insulators provide some improvements on the sensor performance but they are still not very stable after long-duration high-temperature operation (Hunter et al., 2000) . Since the sensitivity and stability of the sensor largely depend on the gate insulator, development of a high-quality gate insulator for MISiC Schottky sensors has become an essential issue. SiO 2 growth in NO gas was then developed to improve the oxide reliability and reduce the interface states and oxide charges (Xu et al., 2003) . A technique of growing the oxide layer in O 2 and trichloroethylene (TCE) was also employed to fabricate a hydrogen sensor (Tang et al., 2005 ). This sensor demonstrated excellent H 2 -sensitive properties due to the passivation effect of Cl 2 or HCl at the SiO 2 /SiC interface. Researchers are continually seeking new materials and methods to produce more sensitive, stable and reliable sensors, which can function at higher temperature for a longer period of time.
Working principle of MIS Schottky-diode hydrogen sensor
A schematic representation of a MISiC Schottky-diode hydrogen sensor is shown in Fig. 6 . It consists of three main parts: (1) the substrate, (2) the gate insulator and (3) the front electrode. When hydrogen-containing molecules come to the catalytic gate metal, they dissociate on the surface of the metal and form hydrogen atoms. These hydrogen atoms then diffuse through the metal in the order of nano-to microseconds to the insulator surface, and form a polarized layer (see Fig. 6 ) at the electrode-insulator interface . This polarized layer reduces the potential barrier at the electrode-insulator interface, and hence leads to a shift in the I-V curve of the Schottky diode. The amount of voltage shift at a fixed current is assumed to be proportional to the atomic hydrogen concentration at the interface or the hydrogen coverage θ i . The maximum voltage change ∆V max occurs when each hydrogen absorption site at the interface is occupied by one hydrogen atom, i.e. the hydrogen coverage is one. The hydrogen coverage at a certain hydrogen concentration depends on two processes. One process is hydrogen dissociation, by which hydrogen atoms diffuse through the metal and are blocked at the interface. The other process is the way hydrogen flows out back to the ambient. Hydrogen atoms at the metal surface can recombine together to form hydrogen molecules or react with oxygen species to form water molecules. Hence, at steady state, the actual coverage of hydrogen at the interface is a result of a balance between these two processes. Fig. 7 shows the schematic energy-band diagram for a MISiC Schottky-diode hydrogen sensor. Electrons in the conduction band of the substrate (SiC) have to overcome an energy barrier φ b to reach the gate (Pt). The polarized hydrogen layer can increase the electron concentration of the metal and hence its Fermi level near the insulator layer. As a result, the lower energy barrier at the metal-insulator interface increases the forward current of the device. The above sensing mechanism is a reversible process because the hydrogen atoms adsorbed at the electrode/insulator interface can diffuse out of the interface to the surface of the electrode and finally recombine together to form hydrogen gas. Thus, when the introduction of hydrogen to the sensor is stopped, the sensor will return to its initial condition after some time. The reactivity and solubility of hydrogen are different for different catalytic metals (Lechuga et al., 1992) . MISiC sensors with porous catalytic metal have higher sensitivity to detect gases because they have larger active surface areas available for hydrogen adsorption (Lechuga et al., 1992; Spetz et al., 2000) . (0001) Si-face 4H-SiC wafer, manufactured by CREE Research, was used in this study. The SiC wafer had a 5-µm epitaxial layer grown on heavily doped substrate. The doping level of the epitaxial layer was 5-6 x 10 15 cm -3 . The wafer was cleaned using the conventional Radio Corporation of America method followed by a 60 sec dipping in 5% hydrofluoric acid to remove the native oxide. The wafer was then loaded into a Denton vacuum LLC Discovery 635 sputterer, which was then pumped down to 2.67 x 10 -4 Pa. The most promising high-k dielectric for Si technology, hafnium oxide HfO 2 , was chosen as the gate insulator of the MISiC sensor as such sensor showed much higher sensitivity than its SiO 2 counterpart (Tang et al., 2008) . HfO 2 was deposited at room temperature by DC sputtering of hafnium metal (99.99 % purity) with a sputtering power of 17.52 W in a mixed Ar/O 2 ambient (Ar to O 2 ratio 4:1) for 20.9 min. An electrode consisting of 100-nm Pt with a diameter of 0.5 mm was then deposited on the wafer by DC-magnetron sputtering through a stainless steel shadow mask. The sample then underwent an annealing by loading it into a furnace at 650 o C in N 2 (1000 ml/min) for 5 min (denoted as H05 sample). In order to investigate the effects of annealing time on the sensor performance, two more hydrogen sensors annealed under the same annealing gas but with different annealing durations were fabricated. The sample annealed at 650 o C for 10 min was denoted as H10 sample while the one annealed for a longer time (60 min) was denoted as H60 sample. The oxide at the back of the wafers was removed using 20 % HF solution. The back of the SiC wafer was then pasted using silver epoxy on a gold-coated header with one pin as the back contact. The header was then put into an oven at 200 o C for half an hour to harden the silver epoxy. Lastly, a gold wire was connected between the Pt electrode and one of the pins of the header using a hybrid wedge bonder. The hydrogen sensor fabricated in this study is shown in Fig. 8 . Fig. 8 . Photograph of three hydrogen sensors bonded on a header.
Measurement methodology
The hydrogen-sensing properties of the samples were compared with each other by taking measurements under various temperatures and hydrogen concentrations using a computercontrolled measurement system (See Fig. 9 ). This measurement system mainly consisted of two parts: the gas-mixing supply system and the parameter-testing system. The test sample was placed in a stainless steel reaction chamber enclosed by the thermostat and gases were injected into the reaction chamber through the digital gas flow controllers (DFCs). The thermostat, the HP 4145B semiconductor parameter analyzer and the DFCs were all connected to a computer and were controlled by computer programs. The computer programs could provide different measurement conditions and the measurement results were automatically saved in the computer. Fig. 10 shows the I-V curves of the H60 sample measured in air and in different hydrogen concentrations (238 ppm, 429 ppm and 619 ppm) at 50 o C and 150 o C. The I-V curve shifts to the left as temperature increases. The hydrogenation effect becomes more obvious at 150 o C. The I-V curves shift to the left as hydrogen concentration increases. The shift toward a lower voltage is due to the formation of a polarized layer at the electrode-insulator interface. The I-V curves of the H05, H10 and H60 samples measured in air and in 48 ppm H 2 in N 2 at 450 o C are compared in the inset of Fig. 10 . Among the three studied devices, the H60 sample has the largest current variation (ΔI) measured at a fixed bias voltage. Fig. 11 depicts the sensor response of the H60 sample upon exposure to different H 2 concentrations in N 2 at several operating temperatures. The sensor response is defined as (I H2 -I air )/I air , where I H2 and I air are currents measured under hydrogen environment and air respectively. The response signal of the H60 sample increases with hydrogen concentration and temperature. When temperature increases, the hydrogen under higher pressure will bombard the surface of the electrode more frequently. Hence, more hydrogen molecules can adsorb at the surface of the electrode and decompose into hydrogen atoms. More hydrogen atoms diffuse through the metal layer to the metal/insulator interface to form a polarized layer. This stronger polarized layer gives a larger barrier-height reduction, thus increasing the sensor response. Increasing H 2 concentration can also cause more hydrogen atoms www.intechopen.com adsorb at the metal-insulator interface to produce a stronger dipole layer, resulting in more barrier-height lowering, and thus higher sensor response. The inset of Fig. 11 compares the sensor response of the H05, H10 and H60 samples upon exposure to different H 2 concentrations in N 2 . It is found that extending the annealing duration can increase the sensor response of the hydrogen sensors because it can enhance the quality of the HfO 2 /SiC interface and improve the dielectric properties of the HfO 2 film to produce larger barrierheight modulation and to give smaller I air . Fig. 12 shows the adsorption transient behaviour of the H60 sample upon exposure to 800-ppm H 2 in N 2 at 50 o C, 150 o C and 450 o C for a bias voltage of 2.5 V. The current shift increases with hydrogen concentration and temperature because more hydrogen-containing molecules adsorbed at the electrode-insulator interface can form a stronger polarized layer to give a larger current shift. The response time which is defined as e -1 times the final steadystate value can be obtained from the transient-response curve. The response time of the H60 sample at 50 o C, 150 o C and 450 o C is 25, 13 and 9 sec respectively. The response time of the hydrogen sensor decreases with the increasing operating temperature because high temperature enables faster hydrogen decomposition and diffusion, and hence faster response. The current-time (I-t) characteristics of the H05, H10 and H60 samples at 450 o C are shown in the inset of Fig. 12 . These curves can be used to obtain the current shift (I H2 -I air ) and thus sensitivity of each sample. The measured data shows that the H60 sample has the highest sensitivity while the H10 sample has the lowest. According to the hydrogen reaction kinetics (a mathematical model that describes the characteristics and mechanism of chemical reactions happened to hydrogen moving from the electrode surface to the electrode/insulator interface), the hydrogen coverage θ at the interface under steady-state condition can be written as (Johanssan et al., 1998) 
Results and discussion
where k o is a temperature-dependent constant which depends on the difference of adsorption between the surface and interface and P H2 is the hydrogen partial pressure. The change in voltage across the hydrogen dipole layer ∆V is proportional to the hydrogen coverage (i.e. ∆V ∝ θ) and the proportionality constant is ∆V max (maximum voltage change at a fixed temperature). By substituting θ = ∆V/∆V max into equation (1),
By using the equation ln I = ln I o + qV/(nkT), where k is the Boltzmann constant, T the temperature in K, n the ideality factor, I o the saturation current, and q the elementary charge, equation (2) can be written as
where I og and I ogmax are respectively the saturation current and maximum saturation current of the sensor in hydrogen environment. Under air ambient, the partial pressure of oxygen is 21.4 kPa. As can be seen in Fig. 13 , the plot of 1/ln (I og /I o ) versus (1/P H2 ) 1/2 is a straight line, thus confirming the hydrogen reaction kinetics in the H05, H10 and H60 samples. From the slope and y-intercept of the plot, k o is calculated and shown in the inset table of Fig. 13 . It is found that the H60 sample has the largest k o . Fig. 14 shows the plot of 1/ln (I og /I o ) vs (1/P H2 ) 1/2 for the H60 sample at different temperatures (50 o C, 150 o C, and 450 o C). The k o value increases with increasing operating temperature. According to the van't Hoff equation (Silbey et al., 2001) ln
where ∆H o is the enthalpy change; ∆S o is the entropy change; and R is the gas constant (8.314472 JK -1 mol -1 ). Fig. 15 illustrates a plot of ln k o versus 1/T for the H60 sample. From the slope of the plot, the enthalpy change is determined as 1.18 kJ/mol. Since the hydrogen adsorption process is endothermic, it is favorable for high-temperature detection.
Conclusion
MISiC Schottky-diode hydrogen sensors with HfO 2 gate insulator annealed in N 2 at 450 o C for different durations have been fabricated and studied. Steady-state and transientresponse measurements at different temperatures and hydrogen concentrations are carried out using a computer-controlled measurement system. Measured data are then used to investigate the sensitivity and response speed of the sensors. By analyzing the data, the hydrogen-reaction kinetic of the devices is deduced. Experimental results show that the sensitivity increases with the N 2 -annealing time. Longer annealing duration can enhance the densification of the HfO 2 film; improve the oxide stoichiometry; and facilitate the growth of the interfacial layer, thus causing a remarkable reduction of I air and thus higher sensitivity. It is also found that the response time of the hydrogen sensor decreases by 64 % as the operating temperature increases from 50 o C to 450 o C. In addition, according to the hydrogen kinetic analysis, the temperature-dependent constant of the Pt/HfO 2 /SiC Schottky diode hydrogen sensor decreases as the operating temperature increases. This indicates that the atomic hydrogen concentration at the interface or the hydrogen coverage θ i at the Pt/HfO 2 interface increases at higher temperature. Moreover, the positive enthalpy change obtained from the kinetic analysis implies that the hydrogen adsorption process is endothermic.
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